Objective In this study, we compared the effectiveness of teriflunomide (TRF) and dimethyl fumarate (DMF) on both clinical and MRI outcomes in patients followed prospectively in the Observatoire Français de la Sclérose en Plaques.
Over the last 20 years, considerable progress has been achieved with therapeutic innovations reducing the incidence of relapses in multiple sclerosis (MS). These treatments target the immune system and are intended to slow the natural evolution of the disease. Recently, 2 new oral molecules have been marketed for MS: teriflunomide (TRF) and dimethyl fumarate (DMF). Both treatments have demonstrated their efficacy in relapsing-remitting MS (RRMS) to reduce annualized relapse rate, disability accumulation, and T2 lesion accrual at 2 years compared with placebo. [1] [2] [3] [4] [5] [6] [7] Knowing which of the 2 treatments is more effective or better tolerated is of high importance for neurologists and their patients. Recent observational studies have reported inconsistent results regarding clinical MS activity at 1 year (annualized relapse rate, time to first relapse) but none has compared clinical efficacy, MRI disease activity, and treatment withdrawals at 1 and 2 years in a large population of patients. [8] [9] [10] [11] [12] Such a study has the advantage of being more representative of real-life practices and effects, even if the treated patients are often noncomparable directly due to indication biases. In this context, taking advantage of the French Multiple Sclerosis Registry (Observatoire Français de la Sclérose En Plaques [OFSEP] ), we propose to compare the real-life effectiveness and tolerance of DMF and TRF, using weighted propensity scores to deal with possible confounders.
Methods

Classification of evidence
This observational study provides Class III evidence that the proportion of patients with at least one relapse is similar after 1 year of treatment with TRF or DMF in patients with RRMS.
The OFSEP cohort OFSEP is a network of French neurologists, mainly from 34 MS centers. Data are collected prospectively during each visit or hospitalization on a standardized clinical form and collected in the European Database for Multiple Sclerosis (EDMUS) software. 13 Individual case reports include identification and demographic data, medical history, biological, electrophysiologic, and MRI data, treatments, as well as key episodes in MS course (date of relapses, date of secondary progression, dates and level of disability progression). Data are checked for consistency using automatic controls in the software.
Standard protocol approvals, registrations, and patient consents All patients included in the OFSEP cohort sign an informed consent to have their medical data collected in routine practice used after anonymization and aggregation for research purposes. The reasons behind treatment withdrawal were prospectively collected in the OFSEP cohort, as the neurologist following the patient had to fill in a short questionnaire selecting different reasons for treatment discontinuation (local, general, or biological intolerance, lack of effectiveness, pregnancy, desire to become pregnant, other). Local intolerance referred for example to cutaneous adverse event with injectable treatments, general intolerance referred for example to fever or myalgia in case of flu-like syndrome, and biological intolerance referred to a biological abnormality observed under treatment like for example elevated liver enzymes. Serious adverse events are specifically enclosed in the form. The initial folder has received the agreement of the Comité Consultatif sur le Traitement de l'Information en Matière de Recherche (CCTIRS) (December 18, 2013, reference 13.591bis, and June 27, 2014) and the Commission Nationale de l'Informatique et des Libertés (CNIL) (May 6, 2014, request 914.066, authorization decisions DR-2014-110 and DR-2014-327). The OFSEP cohort has been registered in clinicaltrials.gov (NCT02889965). For the current study, data were extracted on December 15, 2017. The study was registered in clinicaltrials.gov (NCT03302442).
Patients
All adults with RRMS defined by the 2010 revised MacDonald criteria 14 and followed in one of the 34 MS centers participating in the OFSEP network were included in the study. The following inclusion criteria were defined: patients with RRMS nonopposed to participation to the study, aged from 18 to 65 years, treatment-naive or previously treated with other firstline disease-modifying therapies (DMTs) (interferons or glatiramer acetate), who initiated either TRF or DMF between May 1, 2014, and January 1, 2016 (as both treatments were available at these dates, avoiding any bias related to positivity assumption), with an available MRI scan and Expanded Disability Status Scale (EDSS) assessment within the 6 months before treatment initiation, and with an EDSS score ranging from 0 to 5.5 at treatment initiation. Patients with prior second-line treatment were not included (natalizumab, fingolimod, cyclophosphamide, mitoxantrone, alemtuzumab, or rituximab). A total of 1,916 patients with nonavailable brain or spine MRI or EDSS evaluation in the previous 6 months before initiating DMF or TRF were not included as these Glossary CI = confidence interval; DMF = dimethyl fumarate; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; IPW = inverse probability weighting; MS = multiple sclerosis; NEDA = no evidence of disease activity; OFSEP = Observatoire Français de la Sclérose En Plaques; OR = odds ratio; RCT = randomized controlled trial; RRMS = relapsingremitting multiple sclerosis; TRF = teriflunomide.
variables were a priori considered as possible confounders for the comparison of the 2 treatments. Therefore, the study was performed with intention to treat, including the patients who actually started the treatment.
Outcomes Study schedule
The baseline was the DMF or TRF initiation date. Since our study was based on data from real-life practice, MRI and EDSS evaluations were not scheduled. Therefore, we defined 2 periods. First, we considered data collected between 6 months preinitiation and 3 months postinitiation as baseline MRI or EDSS. In case of multiple visits within this period, we retained the closest visit from the beginning of the treatment. Second, we considered data collected between 9 and 18 months postinitiation as 1-year MRI or EDSS. In case of multiple visits within this period, we selected the closest visit from the first postinitiation anniversary.
Outcomes
The main outcome was the proportion of patients with at least 1 relapse at 1 year postinitiation. Relapses were defined by any new or recurrent exacerbation of neurologic symptoms without fever that lasted for at least 24 hours. Five secondary endpoints were also analyzed after 1 year: the proportion of patients with an increased EDSS score compared to baseline, the proportion of patients with at least one new T2 lesion, the proportion of patients with no evidence of disease activity (NEDA3) (i.e., no new T2 lesion, no increase in the EDSS, and no relapse), 15 the proportion of treatment discontinuation due to inefficacy, and the proportion of treatment discontinuation due to side effects.
We also reported the 6 previous outcomes at 2 years postinitiation. We considered data collected within 21 and 30 months postinitiation as 2-year MRI or EDSS. In case of multiple visits within this period, we retained the closest visit from the second anniversary postinitiation.
Statistical analyses
Baseline comparisons were performed using Student t tests or χ 2 tests for quantitative or categorical variables, respectively. In order to deal with confounders, we chose a propensity score-based approach-the inverse probability weighting (IPW) estimator with stabilized weights 16 -to estimate average treatment effect. Multivariable logistic regressions were used to obtain the weights. Calibration was evaluated by plotting observed vs predicted probability of receiving DMF instead of TRF (figures e-1 to e-12, doi.org/10.5061/dryad. 60tv071). Regarding goodness-of-fit for each model, we did not further explore the violation of the log-linearity assumption for continuous explanatory variables. Variables associated with the outcomes were considered as possible confounding factors (p < 0.20), in accordance with recent recommendations. 17, 18 One propensity score model was therefore constructed for each outcome (table 1) . Compared to the consideration of the true confounders subvector, that is, the variables associated with both treatment allocation and outcome, our strategy for variable selection in the propensity score models may improve estimation precision without adding bias. 19 We did not include variables only associated with treatment allocation, since it has been demonstrated that such instrumental variables may increase the bias of the effect estimation. 20 We checked that these possible confounding factors were associated with standardized differences lower than 10% in the corresponding pseudosamples (tables e-1 to e-12, doi.org/10.5061/dryad.60tv071). For each comparison, a new set of propensity scores was assessed based on the subsets of eligible patients. Positivity assumption was graphically evaluated (figures e-1 to e-12, doi. org/10.5061/dryad.60tv071). The outcomes were then modeled according to logistic regressions by using weighted likelihood maximization and robust variance estimator.
For time-to-event analysis, cause-specific Cox models were estimated by maximizing the partial weighted likelihood with a robust estimator for the variance. 21 The adjusted survival curves were obtained using the weighted Kaplan-Meier estimator and compared using the adjusted log-rank test. 22, 23 All analyses were performed using the 3.3.2 version of R software.
Data availability
Anonymized data can be made available upon reasonable request to the corresponding author.
Results
Baseline characteristics: DMF is used in more active disease A total of 3,686 patients fulfilled the inclusion criteria, 713 treated with TRF and 1,057 with DMF (figure 1). The characteristics of the 1,916 nonincluded patients due to missing EDSS or MRI at baseline are reported in table e-13 (doi.org/ 10.5061/dryad.60tv071). When compared to the included patients, the main clinically relevant differences were a lower relapse rate 1 and 2 years prior to treatment initiation, an older age at treatment initiation, a longer disease duration, and a higher previous exposure to DMTs. These results indicate that the patients retained for analysis experienced more active disease than the others. However, it is worth noting that there was no difference in terms of percentage of nonincluded patients for both treatments (51.9% for DMF and 51.9% for TRF).
Baseline demographic, clinical, and MRI characteristics of the 1,770 patients with RRMS included in the study are presented in table 1. Patients treated with DMF were younger with a shorter disease duration. In addition, there were more DMFthan TRF-treated patients with at least one relapse within a year or 2 preceding treatment initiation and at least one active lesion on baseline MRI scans. When considering only patients with relapse in each group in the year before initiating the treatment, the number of relapses was 1.24 in the TRF group and 1.33 in the DMF group. These baseline comparisons suggest that patients treated with DMF experienced more clinically and radiologically active MS than patients treated with TRF. Of note, no difference was observed in terms of sex distribution or percentage of treatment-naive patients.
Clinical outcomes: No difference between TRFand DMF-treated patients
The observed crude proportion of patients with at least one relapse at 1 year postinitiation was 19.4% (n = 138) in the TRF group vs 21.6% (n = 230) in the DMF group (p = 0.2214). This small difference was also observed at 2 years postinitiation: 28.1% (n = 200) in the TRF group vs 30.9% (n = 327) in the DMF group (p = 0.1928). These first results may suggest that both treatments are efficient in controlling the risk of relapse after 1 and 2 years, seeing as a year prior to treatment initiation, the percentage of relapse was 48.5% in the TRF group and 60.1% in the DMF group.
However, the 2 groups are not directly comparable at baseline (table 1) , probably due to indication biases. In order to compare these 2 groups, we performed an inverse probability weighting on propensity scores. The confounderadjusted percentage of patients with at least one relapse 1 year postinitiation was 21.6% (95% confidence interval [CI] 18.5%-24.9%) in the TRF group vs 20.2% (95% CI 17.6%-22.6%) in the DMF group. The corresponding odds ratio (OR) for patients treated with DMF vs TRF was 0.92 (95% CI 0.73%-1.16%, figure 2) . At 2 years, the results were similar as confounder-adjusted percentage of patients with at least one relapse was 30.4% (95% CI 26.9%-33.9%) in the TRF group vs 29.5% (95% CI 26.6%-32.2%) in the DMF group. The corresponding OR for patients treated with DMF vs TRF was 0.96 (95% CI 0.78-1.19, figure 3) , confirming a nonsignificant difference on effectiveness in terms of relapses.
When considering time to first relapse, as shown in figure 4 representing the confounder-adjusted survival curves, no statistically significant difference was observed between the 2 treatments (p = 0.7224, adjusted log-rank test). The corresponding cause-specific hazard ratio of DMF vs TRF was 0.97 (95% CI 0.81-1.16). This lack of difference between the 2 treatments at 1 and 2 years postinitiation was also observed for the proportion of EDSS increase. We selected the patients for whom an EDSS was available at 1 (n = 1,305) or 2 (n = 1,109) years postinitiation. When comparing included and excluded patients due to nonavailable EDSS, no significant difference was observed, except for the percentage of previously treated patients for the analysis after 2 years (tables e-14 and e-15, doi.org/10.5061/dryad.60tv071).
Among the 1,305 patients (cohort B1, figure 1) 0.74-1.23, figure 3 ), confirming the absence of significant difference between the treatments.
MRI-based outcomes: Better control of MRI activity with DMF at year 2 Among the 1,770 patients of the main analysis, 935 patients were excluded because no MRI was performed at 1 year postinitiation. Compared to the 835 included patients, they had a longer disease duration, a higher exposure to previous DMTs, and a lower relapse rate within the year prior to initiation ( figure 3 ).
When comparing NEDA3 at 1 and 2 years postinitiation, similar results were found and explained by the difference observed in terms of risk of new T2 lesions after 2 years. After 1 year, the proportion of patients who reached NEDA3 was similar after weighting on the propensity scores (figure 2). After 2 years, the confounder-adjusted percentage of patients with active disease was 90.2% (95% CI 87.2%-92.9%) in the TRF group vs 85.6% (95% CI 82.9%-88.4%) in the DMF group, confirming the previous results on MRI measures (OR 0.65, 95% CI 0.43-0.95, figure 3 ).
Reasons for treatment withdrawals were different between TRF and DMF
The analyses were performed on cohort A (figure 1), composed of 1,057 patients treated with DMF and 713 with TRF. As shown in table 2, the rate of treatment discontinuation was different in patients treated with TRF or DMF at 6 months and 1 year but similar at 2 years. However, the reasons for withdrawal were different for each treatment. The confounder-adjusted percentage of patients who stopped their treatment because of inefficacy at 1 year postinitiation was 5.8% (95% CI 4.0%-7.8%) in the TRF group vs 4.8% (95% CI 3.6%-6.1%) in the DMF group. The corresponding OR for patients treated with DMF vs TRF was 0.82 (95% CI 0.53-1.28, figure 2 ). Two years after treatment initiation, the confounder-adjusted percentage of patients who stopped their treatment due to inefficacy was 14.5% (95% CI 11.9%-17.3%) in the TRF group vs 8.5% (95% CI 7.0%-10.2%) in the DMF group, indicating a significantly lower percentage of patients stopping DMF after 2 years of treatment due to lack of effectiveness (OR 0.54, 95% CI 0.41-0.74, figure 3 ).
We also analyzed treatment withdrawals due to the presence of adverse events, as reported by patients and neurologists. The confounder-adjusted percentage of patients who stopped their treatment because of intolerance or side effects at 1 year postinitiation was 12.7% (95% CI 10.3%-15.2%) in the TRF group vs 16.6% (95% CI 14.3%-18.9%) in the DMF group, indicating that DMF was significantly less tolerated than TRF after 1 year (OR 1.37, 95% CI 1.04-1.81, figure 2 ). Up to 2 years postinitiation, this difference remains significant. More precisely, the confounder-adjusted percentage of patients who stopped their treatment because of intolerance or side effects was 16.0% (95% CI 13.4%-18.8%) in the TRF group vs 21.0% (95% CI 18.6%-23.6%) in the DMF group, with a corresponding OR of 1.39 (95% CI 1.09-1.81, figure 3) .
Discussion
With the increasing number of available drugs for preventing relapses and disability progression, and the lack of head-tohead randomized controlled trials (RCTs) comparing their efficacy, neurologists and patients need good quality observational studies to make more informed choices. In this study, we chose to compare TRF and DMF in real-life settings, in a cohort of French patients followed prospectively with a standardized collection of data. By using a propensity score-based methodology, we studied different outcomes at 1 and 2 years postinitiation: 2 were related to the clinical activity (relapse and disability progression), 1 was related to the activity observed on MRI (new T2 lesions), and 1 was a composite measure of disease activity (the NEDA3 score including relapses, disability progression, and new T2 lesion) and the reasons for treatment withdrawal (inefficacy or intolerance/adverse events). Clinical outcomes were not significantly different in DMF-vs TRF-treated patients. By contrast, we found fewer new T2 lesions for DMF than TRF at 2 years postinitiation, correlating with the greater percentage of patients reaching NEDA3 in DMF-treated patients.
In agreement, we also reported more frequent treatment withdrawals due to lack of effectiveness after 2 years for patients under TRF. However, a consequence of this higher effectiveness of DMF was a higher rate of treatment withdrawal because of side effects.
Five other studies compared TRF and DMF. The first one was a network meta-analysis of RCTs of the different molecules used for MS, 8 while 2 others were based on a US claims database. 9, 10 The last ones were based on observational databases from neurologists in Germany 11 and Italy. 12 In all these studies, save the Italian one, the authors reported on a superior efficacy of DMF over TRF in relapse prevention. However, it is difficult to compare our results with these studies. In Boster et al. 9 and in Ontaneda et al., 10 besides the fact that the characteristics of the US population differ from the French one, one can expect that their results were biased due to the lack of some confounders, such as the MRI data used to indicate TRF or DMF in clinical practice. Concerning the network meta-analysis from Hutchinson et al., 8 the heterogeneity of the studies, as acknowledged by the authors, gives additional difficulties for the interpretation of the results. Moreover, this analysis is based on RCTs where the patients were highly selected and weakly representative of the population of patients with MS, as seen in real-life practice. 24 The number of patients in the studies based on observational data 11, 12 is lower than in our work, with a shorter follow-up, and they were not able to correct MS activity with MRI at baseline. Finally, they also used propensity matching for statistical analyses, which has proven limitations. 23, 25 The strength of our study is based on the high number of patients included in the main analysis (n = 1,057 for DMF vs 713 for TRF). Moreover, we were able to take into account the MRI data both at baseline (as a confounding factor) and after 1 and 2 years (as an outcome in large subgroups). Indeed, as we previously reported in a similar study in MS comparing fingolimod to natalizumab, the MRI at baseline can be an important confounding factor. 26 This is also the case in this study: the percentage of patients with gadolinium enhancement on baseline brain MRI was higher in patients treated with DMF than TRF, probably explaining part of the indication bias. Nevertheless, the main limitation of our study is the number of patients with missing values for EDSS and MRI. On this particular issue, we chose EDSS and MRI data as secondary outcomes, as there was no central readout and no central quality control for MRI and no ascertainment of irreversible EDSS score. For each outcome, we compared the characteristics of included and excluded patients at the time of the treatment initiation. The consequences were a reduction of the sample size and selection bias. Specifically, baseline MRI was more likely performed in patients with active disease. Similarly, missing MRI data at 1 and at 2 years postinitiation was not random and also depended on disease activity. Another drawback in our study is the impossibility to study additional outcomes such as the annualized relapse rate or the annualized rate of new T2 lesions. To our knowledge, no validated IPW method has been proposed and the data collected in our cohort do not allow to precisely compute the person-time. Furthermore, the choice of treatment may depend on measures other than the ones collected at baseline. Therefore, one cannot exclude possible confounders that were not taken into account. For example, smoking could be relevant information for treatment response that is not collected in the database. 27 Finally, the follow-up was limited to 2 years postinitiation. A longer and more standardized follow-up would have been ideal to correctly perform time-toevent analyses and will be considered in future studies. Considering these weaknesses, interpretations of the results should be made with caution, particularly the lack of clinical difference observed between the 2 treatments after 1 and 2 years of use, which is probably restricted to the more active patients of the cohort and could not be extended to the whole cohort. The lack of statistical differences can be due to the reduced power of our study. Formal computation of the power is a methodologic issue when analyses are based on weighted propensity scores. However, we estimated the power equals 62%, based on a comparable 1:1 RCT based on 713 patients per group, aiming to detect a 5% absolute difference between percentage of patients with at least one relapse 1 year postinitiation in the TRF vs the DMF group with a type I error rate at 5%. We used a 5% threshold for the type I error rate, while we performed multiple comparisons. We did not correct this threshold, resulting in an increased risk to wrongly conclude a difference between the 2 treatments. Nevertheless, this risk is small considering the coherence of Table 2 Characteristics of cohort A regarding analyses related to relapse, treatment discontinuation for inefficacy, treatment discontinuation for intolerance, and according to the treatment group Overall (n = 1,770), n (%) TRF (n = 713), n (%) DMF (n = 1,057), n (%) the comparison results. For instance, at 2 years postinitiation, one can see that (1) the 2 clinical endpoints are not statistically different and (2) the endpoint based on MRI results and the endpoint based on treatment withdrawal due to inefficacy are in favor of DMF. The overall coherence of these results decreases the risk of false-negative or -positive statistical differences.
Finally, our cohort-based study found no significant differences between TRF and DMF in terms of clinical activity of the disease, but a better control of MRI activity while on DMF after 2 years. This result must be interpreted with caution, as the possible higher effectiveness of DMF must be counterbalanced with the higher rate of treatment withdrawal due to intolerance. Results obtained from a future comparative RCT will be complementary to the strengths and limitations of this study based on real-life data.
